We have been interested in the possible involvement of the gene Quox-8, a member of the Hox-7/msh family of homeobox-containing genes in the patterning of the neural tube and the somitic-derived mesoderm. We demonstrate that in the embryonic day 2-6 avian embryo, the expression of Quox-8 in the roof plate depends upon (i) the normal dorsoventral orientation of the neural primordium and (ii) interactions between the dorsal neural tube and the superficial ectoderm. We also show that Quox-8 is expressed in the dorsal mesenchyme located between the neural tube and the superficial ectoderm that yields the spinous processes of the vertebrae. Experimental inhibition of Quox-8 expression in these areas of the dorsal mesenchyme results in the failure of its differentiation into vertebral cartilage. We conclude, therefore, that this gene is involved in the patterning of vertebral structures through a cascade of tissue interactions primarily occurring between the dorsal neural tube and the overiying ectoderm.
One of the primary and crucial events of embryonic development consists in the establishment of the two anteroposterior and dorsoventral (DV) axes of polarity. This results from a cascade of gene activities that have been well-studied in the development ofthe Drosophila egg (for review, see ref. 1) . In vertebrates, these essential steps of embryonic development have not yet been deciphered at the molecular level with the same depth as in Drosophila. The notocord, however, is known to play a critical role in defining the DV patterning of the neural anlage (1) (2) (3) (4) (5) (6) (7) . The latter is characterized by the coordinated activity of developmental genes among which several members of the Pax family have recently been identified (8) (9) (10) .
We have been interested in a quail homeobox gene that is a member of the Hox-7/msh gene family (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . It was originally designated as Quox-7 (13) . Recently, Hox-8, a second mouse msh-related gene (20) , and its chicken homolog, GHox-8 (21) [identical to Msx-J (18) ], have been isolated. Comparison of the published sequences shows that the similarity at the amino acid level is 44% between Quox-7 and Hox-7, 78% between Quox-7 and Hox-8, and 98% between Quox-7 and GHox-8. Therefore, we consider that Quox-7 is the quail homolog of the chicken gene GHox-8 and the mouse gene Hox-8. Hence, Quox-7 will be designated from now on as Quox-8.
The Quox-8 gene and the other Hox-8 homologs exhibit similar patterns of expression in different species and are expressed in a variety of rudiments where interactions occur between the ectoderm and the underlying mesenchyme (13, 18, (21) (22) (23) (24) (25) . For example, Quox-8 expression in mandibulararch mesenchyme depends on a signal from the adjacent epithelium and is correlated with the formation of membrane bones in the jaw (26) .
In our initial screening of Quox-8 gene expression in embryos of 2-6 embryonic days of incubation (E2-E6), we found abundant Quox-8 transcripts in dorsal structures: the neural-crest-derived dorsal head mesectoderm as well as, at the trunk level, a medial stripe including the roof plate of the neural tube, the superficial ectoderm, and intervening mesenchymal cells (13) . This observation prompted us to study the developmental significance of Quox-8 expression in these regions ofthe embryo with respect to the establishment ofthe DV polarity of the neural tube and to vertebral morphogenesis. We found that Quox-8 gene expression in the roofplate and dorsal related structures depends on the normal DV orientation of the neural tube. Moreover, Quox-8 activity turned out to be inducible by roof plate grafts (but not by ventral neural tube grafts) in laterodorsal areas of the embryo. Finally, expression of Quox-8 in roof plate-associated mesenchyme results in induction of cartilaginous structures that in normal development form the spinous process of the vertebra.
MATERIALS AND METHODS
The experiments were done on chicken (Gallus gallus) and quail (Coturnix coturnixiaponica) embryos.
Microsurgery. Embryonic territories were exchanged between quail (donor) and chicken (host) embryos, as indicated in Figs. 2a, 3a , and Sa. The mesenchyme and ectoderm overlying the neural tube from an E3 (3 days of incubation) quail embryo were grafted in situ in a stage-matched chicken (Fig. 2a) . Quail neural-tube grafts were done in 22-to 25-somite chicken embryos at the level of somites 18-20 in a heterotopic situation-i.e., inside the somitic mesenchyme in the normal DV orientation. Before the graft the quail neural tube was dissociated from adjacent tissues by means of pancreatin (GIBCO) diluted (1.25%) in Ca2+-and Mg2+-free phosphate-buffered saline (Fig. 3a) . In certain experiments, only longitudinal fragments of the neural tube were implanted: either its dorsal (including the roof plate) or its ventral (including the floor plate) regions. Finally, transverse fragments of quail neural tube, isolated from 15-to 20-somite embryos at the level of the last somites formed, were implanted orthotopically in stage-matched chicks after a 1800 rotation (Fig. 5a) .
In Situ Hybridization. Preparation of the RNA probe and hybridization procedures was done as described by Takahashi and Le Douarin (13) .
Abbreviations: En, embryonic day n; DV, dorsoventral. 
RESULTS
Quox-8 Expression in Dorsal Embryonic Structures. Quox-8 transcripts first become detectable along the entire length of the neuraxis in the neural folds (13) . At E2, the superficial ectoderm overlying the roof plate and a subpopulation of migrating neural crest cells in the cephalic area also become Quox-8-positive. In the trunk, after completion of neuralcrest-cell emigration, the space between neural tube and superficial ectoderm is progressively filled with mesenchymal cells (27) in which Quox-8 transcripts are abundant (Fig.  1 ). Quox-8 expression remains stable up to E6. In the head, it affects the ectoderm and neural crest-derived mesenchyme covering the brain vesicles, whereas in the trunk no neuronal derivatives of the neural crest (i.e., dorsal root ganglia, sympathetic ganglia, or cranial sensory ganglia) ever expressed Quox-8. When cartilaginous structures were observed at the dorsal aspect of the tube at E9, Quox-8 expression was extinguished in dorsal mesenchyme and ectoderm but remained positive in a small population of mediodorsal cells in the spinal cord (data not shown).
The Fate of the Quox-8-Expressing Mesenchyme in the Dorsal Region ofthe Embryo. We have followed the fate ofthe Quox-8-expressing mesenchyme located between the neural tube and the overlying superficial ectoderm by using the quail-chicken chimera system. The mediodorsal mesenchyme was surgically removed from E3 chicken embryos on the length of 2 somites (level of somites 16-18 in a 40-to 43-somite chicken embryo) and replaced by its counterpart taken from a stage-matched quail embryo (Fig. 2a) . Six operated embryos were analyzed at E7-E9. The grafted quail cells were localized in the spinous process of the vertebral cartilage ( Fig. 2 b and c) In a few cases of these experimental series we did not detect any induction of Quox-8 gene activity by the dorsal half of the neural tube. Such was the case for one out of four and two out of five grafts of the trunk neural tube and of the rhombencephalon, respectively. In these negative cases, the grafted tubes were found located deeply into the host mesoderm (data not shown). Probably in these cases the graft was never in contact with the superficial ectoderm. Importantly, expression of Quox-8 disappeared in the grafted tube itself, indicating that tissue interactions between the dorsal neural tube and the superficial ectoderm are necessary for the maintenance of the expression of the gene in both tissues.
To study the consequence of this ectopic expression of Quox-8 in the dorsolateral region, we allowed the operated embryos to develop up to E9 and stained them to show up the skeletal structures. We found in the five cases observed, several extra pieces of cartilage of chicken-host type on top of the grafted quail neural tube (Fig. 4b) (Fig. 5a ). The quail nuclear marker allowed us to assign exactly the anteroposterior limits of the rotated tube. We found that 48 hr after the operation, Quox-8 expression was totally extinguished in the originally dorsal aspect of the (Fig.  3b) . As expected, Quox-8 mRNA was detected in the grafted tube in the vicinity of the superficial ectoderm (Fig. 3c) . Moreover, the tube was covered dorsally by mesenchymal and ectodermal cells that also expressed the Quox-8 gene. These cells belonged to the host. The same results were obtained when the total trunk neural tube (n = 2), the dorsal trunk neural tube (n = 3), or the dorsal rhombencephalon was grafted (n = 3). As a control the ventral halfofthe quail neural tube was implanted in the same conditions (n = 8). In no case~~~~F mesenchymal tissue and superficial ectoderm located dorsally, Quox-8 expression remained negative (n = 11) (Fig.  Sb) . We have also performed similar operations in which the chicken neural tube was grafted back into the same embryo. The same results were obtained as when the tube was of quail origin.
Operated embryos with a dorsoventrally inverted neural tube were fixed at E9 and assessed for cartilage formation. In all cases examined (n = 4), the vertebrae lacked a spinous process (Fig. 4c) ; hence, the dorsal aspect of the spinal cord was covered by a thin layer of connective tissue overlaid by ectoderm (Fig. 4d) . The development of the rest of the vertebral cartilage (lateral and ventral) was unaffected. When the neural tube was grafted in its normal DV orientation, no disturbance in vertebral morphogenesis was observed. These results are thus consistent with an involvement of Quox-8 gene in the patterning of the dorsal-most part of the neural arch of the vertebra.
DISCUSSION
In vertebrates, development of the embryo involves sequential interactions between tissues and cells. Developmental genes of the Hox-1-4 clusters (class I genes) have been shown to be important in patterning the development of neural and skeletal axial structures along the anteroposterior axis (29) (30) (31) (32) (33) , whereas the genes of the Hox-7/msh family seem involved in systems where tissue interactions between ectoderm and mesenchyme are crucial for morphogenesis.
The aim of the present work was to investigate (i) whether the Hox-7/msh family genes might be involved in patterning the structures that develop along the DV axis of the embryo and (ii) whether tissue interactions between neural tube, ectoderm, and mesoderm play a role in these processes.
By transplanting the neural tube ectopically, we have demonstrated that the dorsal portion of the neural tube is providing an inductive signal to the overlying mesenchyme and surface ectoderm, resulting in Quox-8 expression in these tissues. It is likely that, in normal development, primary interactions occur between the neural tube and its adjacent surface ectoderm and that mesenchymal cells immigrating between them are secondarily induced.
We have observed that a neural tube transplanted deep into the somitic mesoderm fails to induce Quox-8 activity and loses its endogenous Quox-8 expression. Thus, a reciprocal signal from the surface ectoderm to the neural tube seems necessary for the maintenance of Quox-8 gene activity in the latter. The present study also indicates that dorsolateral mesenchyme and ectoderm that express no Quox-8 in normal development are competent to do so. The nature of these inducing signals remains unknown. It should be noted that members of the Wnt gene family, which encode for putative secreted factors, display a restricted expression pattern in the roof plate of the neural tube (34, 35) .
When the DV polarity of the neural tube is perturbed, Quox-8 expression is no longer detectable in the originally dorsal portion that now faces the notochord. It is welldocumented that the notochord provides signals that are important for the establishment of DV polarity of the neural tube through the floor plate (2-7). Other developmental genes, including homeobox genes and Pax family genes, are also expressed in a defined pattern along the DV axis in the central nervous system (8) (9) (10) 36 Lastly, it should be noted that in many cases of cranial and spinal dysraphism in human, dorsal malformations of the central nervous system are associated with dorsal skeletal abnormalities in the head and the trunk (37) .
